In the covariant light-front quark model, we investigate the Bc → hc, χc0,1,2 form factors. The form factors are evaluated in space-like kinematic region and are recasted to the physical region by adopting the exponential parametrization. We also study the semileptonic Bc decays and find that branching fractions for the Bc → (hc, χc0,1,2)lν(l = e, µ) decays have the order 10 −3 while branching fractions for Bc → (hc, χc0,1,2)τντ are suppressed by one order. These predictions will be tested on the forthcoming hadron colliders. Semileptonic B c decays are simpler than nonleptonic B c decays: the leptonic part can be perturbatively evaluated
leaving only hadronic form factors unknown. In two-body nonleptonic B c decays, most channels are also dominated by the B c transition form factors. Thus the study of B c transition form factors is essentially required. In the present work, we will use the light-front quark model to analyze the form factors B c decays into p-wave chamonia. This can be viewed as a continuation of our previous work [4] . The light front QCD approach has some unique features which are particularly suitable to describe a hadronic bound state [5] . Based on this approach, a light-front quark model with many advantages is developed [6, 7, 8, 9, 10] . This model can provide a relativistic treatment of the movement of the hadron. Is also gives a fully treatment of the hadron spin by using the so-called Melosh rotation. The light front wave functions are expressed in terms of their fundamental quark and gluon degrees of freedom. They are independent of the hadron momentum and thus are explicitly Lorentz invariant. In the covariant light-front quark model, the spurious contribution, which is dependent on the orientation of the light-front, becomes irrelevant in physical observbles and that makes the light-front quark model more selfconsistent. This model has been successfully extended to investigate the decay constants and form factors of the s-wave and p-wave mesons [11, 12, 13] .
Our paper is organized as follows. The formalism of the covariant light-front quark model and numerical results for form factors are presented in the next section. The decay rates of semi-leptonic B c decays are discussed in Section III.
Our conclusions are given in Section IV.
II. FORM FACTORS IN THE COVARIANT LIGHT-FRONT QUARK MODEL
B c → S, A (S, A denotes a scalar meson or an axial-vector meson, respectively) form factors are defined by
A(P ′′ , ε ′′ * )|A µ |B c (P
A(P ′′ , ε ′′ * )|V µ |B c (P
where P = P ′ + P ′′ , q = P ′ − P ′′ and the convention ǫ 0123 = 1 is adopted. To smear the singularity at q 2 = 0, the relation V (0) is required, and
Form factors of B c decays into a tensor meson are defined by T (P ′′ , ε ′′ * )|V µ |B c (P ′ ) = h(q 2 )ǫ µναβ ε ′′ * νλ P λ P α q β , T (P ′′ , ε ′′ * )|A µ |B c (P
where the polarization tensor, which satisfies ǫ µν P ′′ν = 0, is symmetric and traceless. The spin-2 polarization tensors can be constructed using spin-1 polarization vectors:
where these form factors A BcT , V BcT 0,1,2 have nonzero mass dimensions. We will work in the q + = 0 frame and employ the light-front decomposition of the momentum
The incoming (outgoing) meson have the momentum of and p 2 respectively. These momenta can be expressed in terms of the internal variables (x i , p ′ ⊥ ) as:
with x 1 + x 2 = 1. Using these internal variables, one can define some useful quantities for the incoming meson:
here e i can be interpreted as the energy of the quark or the antiquark and M ′ 0 can be viewed kinematic invariant mass of the meson system. The definition of the internal quantities for the outgoing meson is similar. To calculate the amplitude for the transition form factor, we require the following Feynman rules for the meson-quark-antiquark
Feynman diagram for Bc → S, A, T decay amplitudes. The X in the diagram denotes the V, A transition vertex while the meson-quark-antiquark vertices are given in the text.
For the outgoing meson, one should use i(γ 0 Γ ′ † M γ 0 ) for the corresponding vertices. In the conventional light-front quark model, the constituent quarks are required to be on mass shell and the physical quantities can be extracted from the plus component of the corresponding current matrix elements. However, this framework suffers the problem of non-covariance because of the missing zero-mode contributions. In order to solve this problem, Jaus proposed the covariant light-front approach which permits a systematical way to deal with the zero-mode contributions [10] . Physical quantities such as decay constants and form factors can be calculated in terms of Feynman momentum loop integrals which are manifestly covariant. The lowest order contribution to a form factor is depicted in Fig. 1 . The X in the diagram denotes the V, A transition vertex. In B c to p-wave chomonia decays,
is the momentum of the bottom (charm) quark, while p 2 is the momentum of the antiquark. It is also similar for the notation of the quark masses. As an example, we will derive the B c → S transition amplitude
where
is derived using the Lorentz contraction
In practice, we use the light-front decomposition of the loop momentum and perform the integration over the minus component using the contour method. If the covariant vertex functions are not singular when performing the integration, the transition amplitude will pick up the singularities in the antiquark propagator. The integration then leads to
),
where 
where ϕ ′ and ϕ ′ p is the light-front wave function for s-wave and p-pave mesons, respectively. After this integration, the conventional light-front model is recovered but manifestly the covariance is lost as it receives additional spurious contributions proportional to the lightlike four vectorω = (0, 2, 0 ⊥ ). The undesired spurious contributions can be eliminated by the inclusion of the zero mode contribution which amounts to performing the p − integration in a proper way in this approach. The specific rules under this p − integration are derived in Ref. [10, 11] and are displayed in Appendix A.
Using Eqs. (15)- (20) and taking the advantage of the rules in Ref. [10, 11] , the B c → S form factors are straightforwardly given by
Similarly, one can derive the B c → A, T form factors and we refer to Appendix B for tedious expressions of these form factors.
The light front wave function ϕ ′ can be obtained by solving the relativistic Schrödinger equation with a phenomenological potential. But in fact except for some limited cases, the exact solution is not obtainable. In practice, a phenomenological wave function to describe the hadronic structure is preferred. In this work, we will use the simple Gaussian-type wave function which has been extensively examined in the literature [11, 12, 13] 
The parameters β ′ s, which describe the momentum distribution, are usually fixed by mesons' decay constants whose analytic expressions are also given in [11] . The decay constant for the B c meson is employed by
which gives β Bc = (0.89
−0.074 ) GeV. This value is a bit smaller than results provided by Lattice QCD method [14] f Bc = (489 ± 4 ± 3)MeV.
The other inputs, including masses (in units of GeV) of the constituent quarks and hadrons, V cb and the lifetime of 
The constituent quark masses are close to those used in the literature [4, 11, 12, 13] . The shape parameter for χ c1 is used as: β χc1 = (0.7 ± 0.1) GeV which corresponds to |f χc1 | = (340
+119
−101 ) MeV. For the other shape parameters, we will assume the same values and introduce a relatively large uncertainty to compensate the different Lorentz structures:
Unlike the light quark, the heavy bottom and charm quark have large masses. In the heavy quark limit m c,b → ∞, the B c and charmonium systems obey the heavy quark symmetry which is helpful to simplify the dynamics in transition form factors and decay amplitudes. In particular, the large momentum of the heavy quark can be projected out and the remanent momentum is of the order of the hadronic scale. In nonrelativistic QCD (NRQCD) [16] , the kinematic energy has the order of m c v 2 . If it can be identified as the hadronic scale , the β ′ is of the order of m c Λ QCD , which is expected to be larger than the shape parameter in the light meson system. This feature is also confirmed by the numerical result: the shape parameters β ′ s for charmonium and B c meson are larger than those for light mesons such as β ′ π = 0.3102 GeV [11] . In the NRQCD framework, the light-cone distribution amplitudes of the s-wave charmonia have been comprehensively investigated in Refs. [17, 18, 19, 20] . Recently, the analysis has been generalized to the p-wave charmonia [21] . In their notation, the distribution is described by the matrix elements of the nonlocal operators, while in the light-front quark model, we use the coupling vertex. Moreover, the distribution amplitudes in these two frameworks are also different. In Ref. [21] , the leading twist light-cone distribution amplitude is expanded into Gegenbauer polynomials and the Gegenbauer moments are studied in the QCD sum rules. The authors in Ref. [21] also propose the following 
Considering the longitudinal part, we can see that there is an additional factor (x 1 − x 2 ) 2 = ξ 2 in the one used in this framework. It indicates that the distribution amplitude used in this work is sharper at the region around x 2 ∼ 0.5.
At last, the parameter β P is dimensionless and is different with β ′ . In the heavy quark limit, u is close to 1/2 and β P is of the order 1: β P = 3.4
+1.5
−0.9 .Comparing the longitudinal part of the two distribution amplitudes, one can obtain the relation between β ′ and β P :
. The typical value of (x 1 − x 2 ) 2 is of the order ΛQCD mc which also indicates β P ∼ 1. These different distribution amplitudes are expected to induce sizable differences to the resultant form factors. They can be discriminated or constrained by the available data of transition form factors in the future.
Because of the condition q + = 0 imposed during the course of calculation, form factors can be directly studied only at spacelike momentum transfer q 2 = −q 2 ⊥ ≤ 0 which are not relevant for the physical decay processes. It has been proposed in [11] to parameterize form factors as explicit functions of q 2 in the space-like region and then analytically extend them to the time-like region. To shed light on the momentum dependence, one needs a specific model to parameterize the form factors and we will choose a three-parameter form With the form factors at hand, one can directly perform the analysis of semileptonic B c decays whose differential decay widths are given by
where the superscript +(−) denotes the right-handed (left-handed) states of axial-vector mesons, while the subscript L denotes that the axial-vector in the final state is longitudinally polarized. m l is the lepton's mass and λ(m
Bc m 2 i with i = S, A. The combined transverse and total differential decay widths are given by:
Expressions for the decay width of B c → T lν can be obtained by the decay width of B c → Alν decays:
where the form factors V 0,1,2 , A of B c → T decays have nontrivial dimensions and thus the two functions When performing the p − integration, we need to include the zero-mode contribution. This amounts to performing the integration in a proper way in this approach. To be more specific, forp ′ 1 under integration we use the following rules [10, 11] 
4 , p
6 ,
where the symbol . = reminds us that the above equations are true only after integration. In the above equation,
Their explicit expressions have been studied in Ref. [10, 11] :
1 , A
1 ,
4 , A
We do not show the spurious contributions in Eq. (A2) since they are numerically vanishing.
APPENDIX B: EXPRESSIONS OF Bc → A, T FORM FACTORS
In this appendix, we collect the analytic expressions of B c → h c , χ 1,2 form factors in the covariant light-front quark model.
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